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Oxygen chain fragments are known to appear at the insulator-to-superconductor transition (SIT) in YBa2Cu3O6+y. However the self 
organization and the size distribution of oxygen chain fragments is not known. Here we contribute to fill this gap, using scanning 
micro-X-ray diffraction which is a novel imaging method based on advances in focusing synchrotron radiation beam. This novel 
approach allows us to probe both real-space and k-space of a high-quality YBa2Cu3O6.33 single crystals with Tc=7K. We report 
compelling evidence for nanoscale striped puddles, with Ortho-II structure, made of chain fragments in the basal Cu(1) plane with 
local oxygen concentration y≥0.5. The size of the Ortho-II puddles spans a range between 2 and 9 nanometers. The real space imaging 
of Ortho-II puddles granular network shows that superconductivity, at low hole-doping regime, occurs in a network of nanoscale 
oxygen ordered patches, interspersed with oxygen depleted regions. The manipulation by thermal treatments of the striped Ortho-II 
puddles has been investigated focusing on the “spontaneous  symmetry breaking” near the order-to-disorder phase transition at T0=350 
K. 
 
 
 
 
1. Introduction.  
 
High temperature superconductivity (HTS) appears in 
composite materials made of stacks of active 
superconducting layers intercalated by spacer layers [1]. In 
YBa2Cu3O6+y (YBCO) [2] the active layers are made of an 
infinite layer cuprate, Y[Cu(2)O2]2, intercalated with the 
“spacer oxide block” made of a defective rocksalt oxide, 
[BaO]2Cu(1)Oiy. In the defective “spacer oxide block” the 
oxygen defect ions Oiy partially fill the empty basal plane 
sites. Inhomogeneity is a generic feature of HTS because 
of the electronic phase separation near the charge transfer 
Mott phase, where metallic stripes [3], hosting the doped 
holes with O(2p5)Cu(3d9) configuration [4], coexist with 
antiferromagnetic domains. Moreover, also the lattice 
diverges from the average structure [5] because of i) 
unscreened defects in the spacer layers; ii) corrugated 
CuO2 short range nano-domains driven by polaronic local 
lattice distortions [6] and the lattice misfit strain between 
active and spacer blocks [7,8]. While in the past years 
lattice inhomogeneity was not considered an essential 
parameter in the search of the mechanism of HTS, recently 
the interest on the role of defects for controlling the critical 
temperature is growing [9]. While disorder usually 
suppresses the superconducting critical temperature (Tc) in 
conventional superconductors, an optimum lattice 
inhomogeneity has been found to enhance the Tc in HTS 
[10,11]. The tendency toward electronic phase separation 
in strongly correlated multiband systems with polaronic 
and Fermi particles near a Mott transition is now well 
accepted [12-15]. Recently several theories have been 
proposed, based on the presence in HTS of networks of 
nanoscale superconducting grains [16-21].  
The nanoscale phase separation related to the self-
organization of defects is not a unique feature of cuprates 
like super-oxygenated La2CuO4+y [22], La2-xSrxCuO4 
[6,23,24] and Bi2Sr2CaCu2O8+y [25], but it has been found 
also in Al1-xMgxB2 [26], doped iron-chalcogenides [27-29], 
and other functional materials like manganites [30]. 
Thermal treatments control defect organization [31-34] on 
photo-induced effects [35], muon-spin resonance (µSR) 
[36] showed that lattice complexity controls Tc in YBCO. 
However, direct information concerning lattice 
inhomogeneity in YBCO [37] is missing because of lack 
of suitable experimental methods.  
In this work we have used the novel scanning micro X-ray 
diffraction (µXRD) [11,22] to unveil the lattice complexity 
in YBCO. We focus on the size distribution and imaging 
the spatial distribution of oxygen Oi chains fragments in 
the basal plane near the insulator-to-superconductor 
transition (SIT) and we study the effect of thermal 
treatments [38, 39]. The satellite superstructure streaks in 
the XRD pattern of YBCO probing the metamorphic phase 
with local oxygen concentration y=0.5 and called Ortho-II 
by Nakazawa et al. [40], have been observed in the range 
0.33<y<0.62 [41-43]. We have analyzed these 
superstructures to get the size distribution of the nano-
scale Ortho-II puddles and their spatial distribution. 
 
2. Materials and Methods.  
 
The single crystals of YBa2Cu3O6.33 were grown using 
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barium zirconate crucibles by the self-flux technique using 
chemicals of 99.999% purity for CuO and Y2O3, and 
99.997% for BaCO3 [44,45]. The purity of the crystals was 
found to be better than 99.99 atomic % by analysis using 
inductively-coupled plasma mass spectroscopy.  
 
 
 
Figure 1. (Colored online) Panel (a): the diffraction pattern in 
the (h,k) plane of YBa2Cu3O6.33 (Tc=7K) measured in 
transmission mode on a 100 micron thick sample with c-axis 
oriented in the x-ray beam direction. 20 KeV photon energy and 
100 micron x-ray beam size have been used. The diffuse streaks 
qortho-II at 
! 
(h ± 0.5,0)  are superstructure satellites due to nanoscale 
puddles with Ortho-II structure made by Oi ordering after 
annealing at 300 K. The equal intensity of horizontal and vertical 
streaks highlighted with the black rectangles, indicate a phase 
made of the Ortho-II puddles where the a-axis is oriented both in 
the vertical and horizontal direction. Panel (b): pictorial view of 
the basal Cu-Oiy plane of YBCO. The small black dots are the 
Cu(1) sites and the large red dots are the oxygen defect ions 
Oiy. Horizontal and vertical oxygen rich metamorphic phase 
(y=0.5) called Ortho-II by Nakazawa et al. [40]. The Ortho-II 
puddles are intercalated by disordered oxygen poor (y<0.33) 
domains. The black bar indicates 2 nm length scale. 
 
The oxygen content of the crystal was set to 6.33 by 
annealing in flowing oxygen at 914°C followed by 
quenching to room temperature under flowing nitrogen 
gas. The macroscopic oxygen content inhomogeneity was 
removed by annealing the crystal at 570° C in a tiny sealed 
quartz capsule followed by quenching to ice-water bath. 
The crystal was then kept at room temperature to let the 
short range oxygen order to develop [46]. 
We have investigated the sample superstructure due to 
nanoscale puddles of self organized oxygen ions filling 
about 1/3 of the sites on the basal plane.  
The structure has been investigated with two advanced 
methods made possible by the use of synchrotron 
radiation: 1) X-ray diffraction in transmission-mode using 
a high energy photon beam and 2) scanning micro- X-ray 
diffraction in reflection. 
The source of the 12.4 KeV X-rays for scanning µXRD at 
the ID13 beamline of ESRF is an electron undulator. The 
crystal optics includes a tapered glass capillary. It 
produces a 1 µm beam spot at the sample. A charge-
coupled area detector (CCD) records the X-rays scattered 
by the sample [22]. 
The source of the 20 KeV X-ray beam was the XRD1 
beamline of the Elettra synchrotron in Trieste (Italy). The 
diffraction patterns as a function of temperature were 
collected by means of a K-diffractometer with a motorized 
goniometric X-Y stage head and a Mar-Research 165 mm 
Charge Coupled Device (CCD) camera, 70 mm far from 
the sample. The 20 KeV X-ray beam was selected from the 
source by a double-crystal Si(111) monochromator.[38]  
 
3. Results and Discussion 
 
A typical X-ray synchrotron diffraction (XRD) pattern of 
the YBa2Cu3O6.33 in transmission mode, probing the bulk 
structure, is depicted in Fig. 1a. The lattice parameters are: 
a = 3.851(4) Å, b = 3.856(4) Å, c = 11.78(5) Å. The Cu-O 
bond distance is 192.8 pm, showing a 2% compression 
relative with the Cu-O equilibrium distance of 197 pm 
[47].  
Therefore this sample is near the optimum misfit-strain 
[7,8] and the SIT transition. Visual inspection of the 2D 
diffraction pattern in Fig.1a shows immediately the 
satellite reflections qortho-II (h±0.5,k,l) between the principal 
reflections associated with ordered oxygen chains 
fragments forming nanoscale Ortho-II puddles.  
These qortho-II satellites have a needle shape clearly pointing 
in both horizontal and vertical directions. The equal 
intensity of vertical and horizontal streaks indicates a 
phase with an equal number of horizontal and vertical 
puddles. A pictorial view of the phase separation derived 
from these data is shown in Fig. 1b. The oxygen rich Oi 
chain fragments form nanoscale “Ortho-II” puddles 
coexisting with oxygen poor domains with disordered Oiy.  
 
The point to point spatial variation of the size of the 
“Ortho-II” puddles has been measured by scanning µXRD 
in reflection using the 12.4 KeV X-rays focused on a 
micron size spot and probing a thickness of about 1 micron 
[22]. The (0.5,0,3) superstructure satellite reflection was 
measured at each point (x,y) of the sample reached by the 
x-y translator with micron resolution. The integrated 
intensity of the superstructure peaks and their position in 
different spots of the crystal are quite homogenous (qortho-II 
=0.5 with a standard deviation of 0.001). This indicates 
that the nano-scale oxygen puddles have the Ortho-II 
periodicity and confirms the high quality of the crystal. On 
the contrary, the full width half maximum (FWHM) of the 
peaks showed significant variations from point to point: 
indeed, the domain size of the Ortho-II puddles, derived 
from the measured FWHM via standard methods of 
diffraction [43] was found ranging between 3 and 9 
nanometers. Upon inspection of the real space mapping of 
the nanoscale Ortho-II puddles sizes shown in Fig. 2, the 
heterogeneous granular structure appears quite clearly. The 
puddle sizes have been derived from the inverse of the 
superstructure satellites FWHM in the k-space along the a* 
(panel a), c* (panel b) directions. More specifically, the 
FWHM of the diffraction profiles in the h-direction probes 
the size of the Ortho-II puddles transverse to the chains 
direction i.e. provides the number of chain fragments in a 
puddle.  
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Figure 2. Scanning micro X-ray diffraction of a single crystal 
YBa2Cu3O6.33 using a 12 KeV energy and probing 1 micron 
thickness of the crystal surface. The puddle size (color) of the 
Ortho-II puddles is plotted as a function of the illuminated spot 
position XY in the sample surface, where x and y direction in the 
image correspond to the a and b crystallographic axis of the 
sample. The size of the Ortho-II oxygen chain puddles, averaged 
over 1 micron illuminated spots, changes from site to site. It 
ranges from 3 (dark blue) to 12 (red) nanometers in the a-axis 
direction (panel a) and in the c-axis direction (panel b).. The 
white bar indicates 20 µm length scale on the sample surface. 
 
At the same time the FWHM in the c*-direction of the 
reciprocal lattice probes the chain fragment length along 
the c-axis direction. The statistical analysis of the Ortho-II 
puddles sizes is shown in Fig. 3: the probability 
distributions of the length of the chain fragments (Fig. 3a) 
and their size along the c-axis (Fig. 3b) show that the 
Ortho-II puddles are made of 2.5 to 12 oxygen chains 
oriented along the a-axis (Fig. 3a) in domains with average 
size of 4 nm and a standard deviation of 0.6 nm along the c 
crystallographic direction (Fig. 3b). We observe clear 
irregularities and deviations from normal behavior in the 
distribution tails. In order to quantify these deviation we 
have calculated the distribution skewness, sk, giving 
ska=0.3 and skc=0.9 for the Ortho-II domain size along the 
a and c directions, respectively. Their positive values 
indicate a larger weight of the right tails in both 
distributions, while the fact that skc is substantially larger 
than ska confirms accentuated disorder in the out of plane 
direction.  
The size distribution is averaged over a 1 micron area that 
is much smaller than in any other x-ray or neutron 
diffraction experiment reported before but it is much larger 
than the size of the puddles. Therefore, deeper insight 
could be carried out by investigation with smaller 
nanometer beams. 
 
 
Figure 3. Statistical distribution of the size of the Ortho-II 
puddles from data shown in Fig. 2. Panels (a) and (b) show the 
probability distribution function of spots in the crystal where the 
Ortho-II puddles have the same size in the a-axis (c-axis in panel 
b) direction. The puddle size in nanometers is determined from 
the FWHM of superstructure diffraction qortho-II satellite 
reflections in the a* (c* in panel b) direction. The measured size 
of the Ortho-II puddles shows that the number of chains is 
bigger than the number of CuO2 bilayers in each puddle. This is 
related with a larger mobility of oxygen defects in the basal 
plane. 
 
Having determined the spatial imaging and distributions of 
the Ortho-II puddles we move to the effects of thermal 
treatments. The diffraction patterns as a function of 
temperature were collected at the XRD1 beamline of the 
ELETTRA synchrotron in Trieste (Italy). The temperature 
of the crystals has been increased from 270K to 400 K, 
using a cryo-cooler (700 series Oxford Cryosystems). The 
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heating cycle was carried out through a quite slow rate (0.2 
K /minute). For the temperature cycles the sample was 
sealed in a oxygen filled ampoule and it was kept only few 
minutes above 350K in the thermal cycle with any loss of 
oxygen out of the sample surface and no change in the 
overall stoichiometry as shown by the fact that the sample 
back to same phase as the as grown crystal, after a month. 
Figure 4 shows the three dimensional temperature 
evolution of the (2.5,0,0) Ortho-II satellite profile along h 
and k, respectively. 
  
Figure 4. Temperature evolution of the qortho-II satellite reflection 
profiles along h (upper panel) and k (lower panel). The bright 
(red-online) and dark (blu on-line) color corresponds 
respectively to the higher and lower intensities of the satellite 
diffraction spots. Variation of the average structure of ortho-II 
puddles in the (h,k) plane of YBa2Cu3O6.33 measured in 
transmission mode of a 100 micron thick sample using a X-ray 
beam of 20 KeV photon energy and 100 micron size.  
 
Although the order to disorder phase transition at 
T0=350±5K, we can appreciate the presence of smaller 
nanoscale Ortho-II puddles above T0, up to 400K in 
agreement with previous works [25,26]. After the heating, 
we completed our thermal cycle with a cooling ramp 
performed at the same heating rate. The variations of the 
intensity and of the FWHM of the Ortho-II superstructure 
diffraction profiles during the whole cycle are plotted in 
Fig. 5. Here the FWHM in the k-direction of the reciprocal 
lattice probes the chain fragment length along the b-axis 
direction. We observed a relevant hysteresis (Fig. 5) 
demonstrating that once the Ortho-II nano-puddles of 
oxygen chains are formed, they cannot be reformed in a 
reversible way, with the same size, in the time scale of the 
experiment.  
 
 
Figure 5. Temperature evolution of the qortho-II superstructure in 
the heating cycle followed by the cooling cycle. The average 
normalized intensity as a function of temperature is shown in 
panel (a). The squares (red online) and circles (blue online) 
represent the data collected during the heating and cooling 
thermal cycles, respectively. The average FWHM along b* and 
a* direction are plotted in panel (b) and (c) respectively.  Panel 
(d) shows the variation of the size of the Ortho-II puddles 
oriented in the vertical (open squares red-on-line) and horizontal 
(open triangles) direction in the sample, during the warming 
cycle. The difference between the size of vertical and horizontal 
ortho-II puddles indicated by large filled (red-on-line) dots 
(filled dots, blue on-line) in the heating (cooling) cycle shows a 
large value in the range 350K<T<380 K due to the spontaneous 
symmetry breaking in the fluctuation regime above 350 K. 
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As it has been shown in Fig. 1 the Ortho-II puddles are 
equally oriented in the horizontal and vertical direction of 
the sample with y=0.33 giving diffraction streaks broad 
and diffuse in the h-direction and narrow in the k-
direction. The broad and diffuse streaks are observed both 
in the vertical and horizontal direction, indicating vertical 
and horizontal puddles. In the as grown sample we observe 
the same diffraction intensity and the same width of 
horizontal and vertical streaks showing that the average 
size of Ortho-II puddles is the same for vertical and 
horizontal puddles. Increasing the temperature above the 
order-to-disorder transition the size of the Ortho-II puddles 
decreases as shown in Fig. 5d. In the heating cycle a large 
difference between the size of vertical and horizontal 
Ortho-II puddles appears in the temperature range of 350 
K<T<380 K above the order-to-disorder phase transition 
temperature (T0=350 K). A smaller variation in the 320 
K<T<350 K temperature range, below the phase transition 
temperature, is observed (Fig. 5d). This large anisotropy 
due to preferential ordering emerges in the fluctuation 
regime above the order-to-disorder critical temperature 
T0=350K. This phenomenon provides evidence for 
“spontaneous symmetry breaking” in the fluctuation 
regime near the order-to-disorder phase transition 
temperature.  
 
4. Discussion.  
 
We have investigated the variation of the Ortho-II puddles 
size from point to point in a very good crystal using a 
novel mixed k-space and r-space probe of bulk 
heterogeneity combining high wave number resolution 
with micrometer-scale spatial resolution.  
The scanning µXRD is similar to transmission electron 
microscopy (TEM), but without the complication of 
electron beam damage. In fact, the electron beam heating 
of the thin crystals can change the mobile oxygen content 
y and generate transient non-equilibrium surface structures 
that mask intrinsic bulk effects. Therefore information of 
finite size ordering properties as well as temperature 
dependent properties is not achievable by TEM. 
The application of scanning µXRD for imaging the 
nanoscale phase separation in YBa2Cu3O6.33 show the 
presence of a phase of nano-scale Ortho-II puddles 
embedded in an insulating oxygen poor background in a 
sample very close to the superconductor-insulator phase 
transition. The network of the Ortho-II puddles is made of 
different puddles ranging between 3 and 12 oxygen chains. 
The scanning µXRD and the temperature treatments show 
that the local structure in YBCO deviates from the ideal 
one. We have seen a relevant structure dependence with 
temperature in agreement with previous high resolution 
XRD data, where temperature treatments modify the 
density and elongation of the Cu-O chains [43-46]. The 
formation of nanoscale ordered grains in YBCO with 
Ortho-II lattice in the basal plane is highly relevant for the 
electronic structure of the system and for models of 
superconductor-to-insulator transition [19,20]. The oxygen 
chain puddles have the Ortho-II lattice superstructure, like 
the YBa2Cu3O6.5 which shows band folding and Fermi 
surface reconstruction measured by photoemission and 
quantum oscillations experiments [48,49]. The granular 
structure of Ortho-II puddles favors the 7K 
superconductivity in fact in the rapidly quenched sample 
from T> 450K where the Ortho-II puddles are not formed 
the critical temperature drops to zero.  
The nanoscopic phase separation of the oxygen puddles 
described here using µXRD, could explain why zero and 
transverse field µSR experiments have shown the 
coexistence of antiferromagnetic short range magnetism 
with superconductivity in YBCO with 6.37<y<6.39 [50]. 
In fact, since the average oxygen concentration is 6.33 and 
the local oxygen concentration in the Ortho-II puddles is 
6.5, we deduce that in the intercalated spatial portions the 
oxygen concentration y has to be smaller than 6.33. In this 
way the oxygen puddles are expected to cover 66% of the 
space; in contrast with the not percolating nanoscopic 
magnetic portions. This explains why neutron scattering 
experiments do not find a static anti-ferromagnetism [50]. 
On the other hand, both neutron scattering and µSR 
experiments agree with the presence of two energy scales 
and short-ranged correlations. A similar granular disorder 
has been found also in single crystals of La2CuO4+y 
[11,22,38,39] and of Bi2Sr2CaCu2O8+y [25] using scanning 
µXRD.  
Our non-invasive technique µXRD probes portions of the 
single crystals of one micron size, much smaller than those 
seen by neutron diffraction and previous X-ray diffraction 
[26] and therefore allows us to measure the formation of 
nanocrystalline puddles with unprecedented spatial 
resolution.  
 
5. Conclusion  
 
We have used scanning µXRD to probe the microscopic 
spatial inhomogeneity in YBa2Cu3O6.33, which cannot be 
visualized through standard averaged X-ray diffraction. 
The spatial resolution of 1 micron used in our 
measurements allowed us to clearly visualize the granular 
nanoscopic phase separation due to the formation of the 
network of Ortho-II puddles made of oxygen ordered 
chains. Furthermore, this work shows that the size of the 
nanoscale oxygen ordered puddles in YBCO near the 
superconductor-insulator phase transition is much smaller 
than in La2CuO4+y with a larger misfit-strain [7,8]. 
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